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ABSTRACT
The ability to produce a very low oxygen activity in
the slag during electroslag remelting of alloy 718 ingots
was investigated. A low oxygen activity in the slag is
desirable because it produces low oxygen levels in the
remelted ingot and improves the cleanness of the material.
Experimental parameters investigated during the study were:
argon shrouding over the slag during remelting, aluminum and
mischmetal deoxidant additions and, varied levels of CaO,
La203 and Al203 in slag compositions. Data indicate that the
use of oxides which are both basic and possess high negative
free energies of formation will help to achieve the lowest
possible slag oxygen activity and consequently, lowest ingot
oxygen level. Ingot oxygen levels averaging only five ppm
were obtained using these criteria in conjunction with argon
shrouding.
In this study, measurement of the slag FexO level was
difficult and did not correlate well to ingot oxygen levels.
Argon shrouding can improve control of slag/metal reactions
and help to lower the slag oxygen activity, but can also be
difficult to properly maintain during electroslag remelting.
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Proper deoxidation of the slag also plays a significant
role in achieving a low slag oxygen activity.
Gleeble hot ductility test data and actual heat
forgability of alloy 718 ingots demonstrated mixed
correlation. A large as-cast grain size was theorized to
promote low melting point grain boundary eutectic phases of
Ce and La which contributed to poor hot workability. Thus,
the potential benefits of Ce and La to the refining
capability of the slag can be compromised by their
deleterious effect on hot ductility.
oxides in the microstructure were generally on the
order of a micron diameter and an insignificant
microstructural feature. Volume percent oxide and oxide
size demonstrated strong correlation while oxygen content
and volume percent oxide also showed a weaker, but similar
correlation. Future work to improve superalloy material
cleanness should concentrate on the reduction of
carbide/nitride clusters in the microstructure.
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INTRODUCTION
Nickel base superalloys are an integral component of
jet engine technology. As jet engine manufacturers seek to
improve engine efficiencies, improve safety, and extend
component life cycles, the level of cleanness in superalloys
has become a major concern(1-3). This concern stems from the
fact that fatigue failures of superalloy jet engine
components often originate with inclusions in the
microstructure. These inclusions fall into two major
categories - large oxides and clusters of titanium
nitrides(1,2). Minimizing the size and concentration of these
inclusions in superalloys on a consistent basis through
improved melting practices will achieve all three of the
previously cited goals.
Wrought superalloys are generally manufactured using
three different melting processes - Vacuum Induction Melting
(VIM), ElectroSlag Remelting (ESR) , and Vacuum Arc Remelting
(VAR). Superalloys are melted using three different
combinations of the above processes - VIM-VAR, VIM-ESR, and
VIM-ESR-VAR. The VIM-VAR process has been the standard
melting practice used for superalloys sUbjected to critical
stress applications. Recently though, the triple melt
process has become the preferred melting route in the
3
aerospace industry because of the extra ESR refining step
which improves material cleanness.
The ESR process remelts an electrode by Joule or
resistance heat which is generated when an electrical
current, usually A. C., is passed through a fluoride/oxide
slag to complete a circuit with the baseplate~. Since the
molten slag has a higher melting point than the metal,
molten metal droplets form at the bottom of the electrode
that is immersed in the molten slag and drip through the
slag to form a remelted ingot. Melting is performed within
long cylindrical water cooled copper crucibles and movable
mold furnaces which allow more flexibility to the process.
ESR is a critical step within the superalloy melting process
because it is usually the last step that can significantly
refine the superalloy ingot by:
1. removing large oxide inclusions in the electrode
from the primary VIM operation by dissolving them
into the molten slag(S,6) and,
2. lowering the oxygen content of the superalloy.
VAR can remove a limited amount of oxygen and oxides, but
does not have the potential to improve alloy cleanness to
the extent that can be accomplished via ESR.
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The use of an inert gas cover of argon over an ESR slag
has been investigated at Carpenter Technologym and in the
industryOO as a means of improving control over the slag
reactions which influence compositional control(4) and the
refining capability of the slag. Previous workm at
Carpenter showed that argon ESR had the potential of
lowering the oxygen content of a nickel base 718 alloy 8"
ingot to 5-10 ppm and improved the ingot cleanness compared
to ESR under air. The current study further investigated
the use of argon in combination with other slag
modifications in an effort to improve the refining
capability of the ESR slag and attain very low oxygen levels
«5 PPM) while maintaining compositional control during ESR.
Commercially, the ability to melt superclean
superalloys via ESR is also attractive for two reasons:
1. The current designated superclean melting process
of Electron Beam Cold Hearth Refining (EBCHR) is
costly compared to the industry's current standard
double and triple melting processes - VIM-VAR, VIM-
ESR, VIM-ESR-VAR and,
2. EBCHR furnace capacity could not begin to meet the
capacity demands of the superalloy industry.
The success of melting superclean superalloys via ESR would
5
allow the efficiency, safety, fatigue property, and economic
benefits of superclean material to be realized using
familiar industry technology and melting apparatus.
Specifically, the goals of this study sought to:
1. melt superclean Alloy 718 material having both an
oxygen and sulfur content of <5 ppm.
2. better understand the role and interactions of the
slag thermodynamic and thermochemical properties
which determine the oxygen refining capability of
the ESR slag.
3. maintain acceptable compositional control
throughout the entire ingot.
6
PROCEDURE
A. Electroslag Remelting of Alloy 718
The experimental approach of this study focused on
adjustments to the nominal CaF2/caO/A1203 slag composition
and deoxidation practice used to electroslag remelt Alloy
718 with the intent of improving its refining ability.
Improvements in this regard will improve the cleanness of
the ingot. The literature(4,9-14) shows the crucial slag
properties from a refining viewpoint are the slag basicity,
FeO activity, and free energies of formation of the slag
components. These slag properties determine the oxygen and
sulfur contents of the molten metal as it is refined by the
slag and thus dictate the oxide and sulfide inclusion
content. In this study, the use of:
1. an argon cover to both eliminate atmospheric oxygen
as a slag contaminant and gain control of slag
reactions,
2. limited sUbstitution of lanthanide oxides for A1203
in the slag composition,
3. slag deoxidation practices employing Al and
mischmetal as deoxidants (Mischmetal is a master
7
alloy of rare earth elements containing
approximately 50% Ce, 27% La, 16% Nd and other rare
earth elements as the balance),
were all investigated as methods to lower the oxygen
activity of the slag and consequently the oxygen content of
the ingot. Ingots were melted sequentially based on
information gained from prior heats.
All Alloy 718 material came from one VIM 10" electrode
from heat 99776. Electrodes were 6" round diameter and were
remelted into 7-5/8 or 8" round ingots in the R&D
laboratory Consarc consumable electrode furnace. The
furnace is an electrode withdrawal design and produces
ingots of approximately 25" in length. Before ESR, the
electrode chemical composition was analyzed at the top and
bottom locations. Slag compositions were also analyzed
before ESR. After ESR, chemical compositions were
determined at~, B, C, and X ingot locations (see Figure 1).
The composition of the slag cap was also analyzed after ESR.
These data were necessary in order to determine what slag
reactions were occurring during ESR.
The six 8" ingots of Alloy 718 remelted in this study
were heats 1-6. The experimental parameters for the five
8
ESR heats and 1 VAR heat investigated and the corresponding
goals for each heat were as follows:
Heat 1 - Nominal slag (34CaFz/27caO/2.5MgO/30Alz03/o.5SiOz) +
6% Tioz + 15 g Al/5 min melted under air cover.
Goal: To make an air-ESR ingot of balanced chemical
composition for comparison purposes. This ingot represents
a typical slag and deoxidation practice.
Heat 2 - Nominal slag + 4.5% Tioz + 4 g Al/5 min melted
with argon shrouding.
Goal: To determine if the relatively low ingot oxygen
results obtained in heat 1 could be improved upon with the
use of an argon cover. Halfway through ESR of 2, a fuse
failure in the furnace forced abortion of the heat. After
repairs, the remainder of the electrode was remelted on top
of the short ingot.
Heat 3 - Nominal slag + 4.5% Tioz + 25 g mischmetal/5 min
melted with argon shrouding.
Goal - To determine if the oxygen activity of our nominal
slag composition could be further lowered through use of a
rare earth metal deoxidation addition.
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Heat 4 - VAR.
Goal: To provide a VAR ingot of like size to the ESR ingots
for comparison purposes.
Heat 5 - Lanthanide bearing slag (31CaF2/33CaO/8MgO/
17.5La203/3.5Ti02/0.5AI203/2Si02) with argon shrouding - no
deoxidation addition.
Goal: To determine if replacing the Al203 in the slag with
La203 would lower the flux's oxygen activity and improve its
refining capability.
Heat 6 - Rebalanced lanthanide bearing slag with small Al203
addition (32CaF2/38CaO/2MgO/ 16La203/2Ti02/7 . 5AI203/O. 5Si02)
with argon shrouding.
Goal: To determine if a very low oxygen ingot can be melted
while maintaining compositional control of AI/Ti and
minimizing La pickup in the ingot during ESR.
B. Ingot sectioning and Microstructural Analysis
Following ESR, ingots were sectioned. As-cast discs
were cold cut from the ingot at bottom, top and two interior
locations as shown in Figure 1 utilizing a hem saw. These
discs were used to obtain specimens for compositional,
microstructural, and quantitative image analysis. After
compositional analysis was completed, ingot sections of
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comparable composition were selected from each of the five
heats for Gleeble testing of hot ductility. Gleeble testing
was chosen as a test method for this study because
differences in inclusion content obtained from different ESR
practices could influence the hot ductility of the
respective ingots. It is possible that material containing
a low inclusion level may demonstrate higher hot ductility
compared to material containing a higher inclusion level.
Microstructural specimens were removed from the center
of the A, B, C, and X discs of each ingot. These specimens
were hot isostatically pressed at 2150F/1h/15ksi to
eliminate all solidification porosity. Specimens were then
automatically polished on the transverse orientation to a
0.05 micron finish and rated for oxide inclusion content via
quantitative image analysis. Quantitative image analysis
can determine the size and distribution characteristics of
oxides by virtue of their contrast with the matrix. Past
investigations have shown that reasonable correlations can
be made between the oxygen level and oxide content of s~eels
and superalloysO~l~. Three different planes were polished
and etched at each ingot location in an effort to generate
more representative data. An average of 200 fields were
examined at 2620X at each location to generate the
statistical data reported for each location.
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C. Gleeble Testing
All selected ingot sections were homogenized at
2175Fj48hjAir Cooled (AC) to simulate the microstructural
condition in which most superalloys are initially hot
worked. Blanks of longitudinal orientation were cut from
each section and machined into 0.252" rd. Gleeble test
specimens to characterize the hot ductility of each of the
respective heats. A machining diagram of a Gleeble hot
ductility test specimen is shown in Figure 2. On-heating
tests were conducted on one heat initially in order to
determine the range of acceptable hot working temperatures
for alloy 718. 0n;heating tests were performed at 1700,
1800, 1850, 1875, 1900, 2000, 2050, and 2100F for the
initial heat. Single specimens were heated to the on-
heating temperature, held for 5 minutes and pulled in
tension at a strain rate of 1jsecond until fracture. The
strain rate of 1jsecond was selected to simulate the strain
rates typically observed during rotary forging of 718 alloy
ingots. Hot ductility was measured by the percent reduction
of area at the fracture location. From this series of on-
heating tests, two on-heating temperatures were selected for
the balance of the on-cooling Gleeble tests to be performed
in the study.
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Each ingot (ESR practice) was then tested in the
following manner. Duplicate specimens from each ingot were
tested at each of the two on-heating temperatures .. On-
cooling Gleeble tests were then conducted by heating the
specimen to the predetermined on-heating temperature,
(
stabilizing for 5 minutes at that temperature, cooling to
the test temperature at 25 degrees F/second, stabilizing at
the test temperature for 5 seconds and pUlling the test
specimen in tension at a strain rate of l/second until
fracture. On-cooling tests were conducted from 2000F down
to 1600F in 100F increments. A few selected tests were also
performed at 1950F. Hot ductility was determined by
measuring the percent reduction of area at the fracture
region in on-cooling 'specimens as well. Duplicate on-
cooling Gleeble tests were performed where possible.
However, testing was changed to single or sometimes
triplicate samples depending on initial test scatter and
availability of test specimens. Representative high,
intermediate, and low ductility specimens were characterized
via scanning Electron Microscopy (SEM) analysis.
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D. pilot Bar Forging
Material from each of the five heats was also hot
worked to evaluate the hot ductility. As-cast sections from
each of the five heats were homogenized at 2175F/48h and air
cooled. sections of ,3" x 3.5" x 5.5" were then cut from the
as-cast plus homogenized ingots. Blocks were heated to
2050F, forged to an intermediate size of 1-1.5" sq. reheated
to 1850F and finish forged to 0.75" sq.
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RESULTS
Chemical compositions of each heat (before and after
ESR) are listed in Tables I-VI. Slag compositions of the
heats before and after ESR are provided in Tables VII-X,
respectively. Details regarding voltage, current, power,
and melt rate for the heats are provided in Table XI. A
heat by heat summary containing details of the data are
provided in the following text.
A. ESR - Heat 1
Data indicate that good control of Ti, AI, and si
levels was maintained during ESR. Ti, AI, and si oxides all
possess relatively high negative free energies of formation.
Consequently, these three metallic elements are most prone
to reactions with th~ CaF2jCaOjAl203 slag and can be
difficult to control during ESR if the slag composition is
not in proper thermodynamic balance with the alloy. Sulfur
contents ranged from 0.001 to 0.002% which is not as low as
desired. Oxygen surprisingly, ranged from <5 to 13 ppm
within the ingot which is lower than expected. It would
appear that the slag deoxidation addition of 15 grams of
AljS min deoxidized the slag well, but was not excessive
since Al levels remained constant in the ingot. The
15
remaining elemental composition levels in the ingot
basically remained unchanged after ESR. This heat does
d~monstrate that good compositional control of Ti, AI, and
si can be maintained during air ESR when a properly balanced
slag composition and slag deoxidation practice are utilized.
The ESR voltage and current trace was rough with a wide
"hash" in the beginning of the heat (IIHash" is a sUbjective
description given to the range of current and voltage
observed during ESR as recorded by the furnace controls on a
strip chart). Once steady state conditions were attained
though, the heat melted smoothly with a narrow hash for both
voltage and current.
B. ESR ~ Heat 2
A lesser amount of Al was used in this heat to
deoxidize the slag during ESR since an argon cover was being
utilized. Ti and Al levels were properly balanced
throughout melting indicating that the slag composition was
in proper equilibrium. Sulfur levels were lowered below 5
ppm which is excellent. Oxygen levels ranged from 8 to 31
ppm and were higher than anticipated or desired. Other
elemental levels remained unchanged. The high ingot oxygen
levels indicate that the oxygen activity of the slag was
higher than anticipated or desired. It is possible that
16
although an argon purge was utilized, it did not effectively
isolate the slag from the atmosphere. Therefore, a higher
Al deoxidation level would have deoxidized the slag more
effectively and produced a lower oxygen level in the ingot.
Measurements of the exit gas from the furnace during
ESR showed the oxygen content to be 1% or less for most of
the melt. Fumes were also observed to evaporate from the
slag and sometimes caused erratic exit gas oxygen readings.
The argon flow rate was increased if exit gas oxygen
readings became erratic. Ideally, it would be desirable to
measure the oxygen. content in the atmosphere at a position
just above the slag. Unfortunately, practical limitations
do not permit measurements of this type to be obtained and
analysis of the exit gas purge is the best alternative.
Originally, it was believed that since argon is heavier than
air, it would automa~ically sink in the furnace and provide
a good cover over the slag during ESR. These data suggest
convective air currents above the slag may hinder effective
argon shrouding and higher argon flow rates may be required
to maintain an effective argon cover over the slag. If the
slag did not have a good argon cover, this could explain why
this ingot had higher than expected oxygen values.
After a rough start-up, this heat also melted smoothly
with a narrow voltage and current "hash".
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C. ESR - Heat 3
Data in Table III show that si and Ti were in good
control during ESR. Al fluctuated slightly more than
>
desired, but also was still in reasonable control. If ingot
Ti and Al levels are altered during ESR, usually Ti tends to
increase while Al decreases. In this heat though, Al
actually increased slightly during ESR. This trend reversal
can be best explained as a result of the mischmetal
deoxidation addition during ESR. since Ce02 and La203
possess higher negative free energies and consequently are
more thermodynamically stable than A1203 , the Ce and La
deoxidant additions reduced some of the Al203 in the slag
resulting in a slight pick-up in the ingot Al content. The
deoxidation addition of 25 g/5 min may seem rather large
compared to the amount used for AI. This. was done because
the respective atomic weights of Ce(140) and La(139) are
almost 5.5 times higher than AI(26.9) and it was believed
that this higher weight was needed to provide a similar
level of deoxidation to the. slag.
Sulfur levels were in the 4-5 ppm range which is
excellent. However, oxygen values were disappointingly high
at 40-56 ppm. Microstructural examination showed small
inclusions dispersed both in the carbonitrides where they
are normall~ found, but also in the matrix as well. SEM
analysis(19) of the inclusions showed them to be oxysulfides
and phosphides which were enriched in Ce, La, Nd, and Ni.
This observation indicates that the mischmetal addition
utilized for heat 3 was excessive and produced rare earth
oxysulfide and phosphide contamination in the microstructure
of the ingot.
The exit gas oxygen analysis indicated that even though
a higher argon flow rate was used than in past heats, it was
more difficult to maintain oxygen levels below 2%. A second
port closer to the crucible and slag cover was also utilized
to measure oxygen content and showed higher than desired
oxygen lev~ls inside ~he crucible of 0.8% to 20% oxygen in
spite of the increased argon purge rates. The excessive Ce
and La mischmetal deoxidation additions and higher than
desired oxygen levels above the slag probably combined to
increase the ingot oxygen content to high levels.
As would be expected, there was also a slight pick-up
of Ce (up to 390 ppm) and La (up to 200 ppm) in the ingot.
A slight addition of lanthanides to superalloys is
beneficial, but excessive amounts are deleterious to hot
,working and mechanical properties. At this point, it is not
known above what level rare earth additions become
deleterious to Alloy 718.
19
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j
This heat demonstrated smooth melting behavior with a
narrow voltage and current "hash" after start-up. The pick-
up of Ce02 to the slag did not produce any discernable
effect on the voltage and current trace.
D. ESR - Heat 4
This heat was vacuum arc remelted for comparison
purposes. It was decided that in order to perfo~ an
t
accurate evaluation of the ESR material, VAR material was
needed. VAR proceeded smoothly with a narrow voltage and
current trace and good vacuum integrity at all times.
Compositional analysis data in Table IV show S levels to be
10-11 ppm which is slightly higher than observed in most ESR
heats. Oxygen values fluctuated between <5 to 59 ppm. The
high value of 59 ppm measured at the A location is probably
not representative of the heat. Values of <5 to 22 ppm are
believed to be more typical of VAR 718 material.
E. ESR - Heat 5
Data in Table V show that Ti and Al levels varied more
than what was observed in the other Alloy 718 ESR heats. Ti
levels were high and Al levels much lower than previously
observed. These large compositional variations can be
attributed to the experimental slag composition used for
20
this heat. The presence of approximately 16% La203 with no
Al203 in the slag was responsible for the large Ti and Al
fluctuations. Al from the ingot was oxidized into the slag
which caused Ti and a small amount of La to be transferred
to the ingot. It is well known that an ESR slag will react
with the elements within the ingot composition until it has
reached the "equilibrium" composition with respect to ingot
material it is melting. As melting proceeds and the slag
approaches its equil~brium concentration, less reaction
occurs between the slag and ingot and less of the reactive
element is transferred between the ingot or slag. This is
why the Al depletion was much greater at the X location
(0.25%) than at the A location (0.10%) of this heat. This
was also confirmed by the slag analysis after ESR which
showed the Al203 content increased by almost 7% (see Table
IX). si remained in good balance in the ingot.
The most encouraging data of this heat was in regard to
the very low oxygen content obtained throughout the entire
ingot. Data in Table V show that oxygen levels were in the
vicinity of 5 ppm and less (the highest oxygen content
observed was 6 ppm). These values meet the project goals
and prove that it is possible to obtain very low oxygen
levels in Alloy 718 via the ESR process. Sulfur levels were
6 ppm at all locations which is not quite as low as desired
«5 ppm), but are encouraging. Because Al from the ingot
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was being absorbed into the slag to form A1203 , a small
amount of La was reduced and absorbed by the ingot. Table V
shows that 100-180 ppm La was measured at each location.
Again, it is not known if this level of La in Alloy 718 is
deleterious to hot working and mechanical properties or not.
The exit gas oxygen level was measured to be
approximately 8% at start, but steadily diminished till it
was less than 2% by 25 minutes and remained there throughout
the rest of the heat. This suggests that the actual slag
composition may be a more important variable than the oxygen
content above the slag. This is not to minimize the benefit
of the argon cover to ESR, but to point out that a slag with
a rare earth element component in it may be the more
effective means of lowering oxygen content than by
minimizing the oxygen content of the atmosphere above the
slag.
This heat exhibited a rough current and voltage trace
with wide hash from beginning to end. Current fluctuated as
much as 1500 amps and voltage 8-9 V. As a result of this
wide variation, the electrode feed into the slag was quite
erratic as well.
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F. ESR - Heat 6
The data in Table VI show that the Ti, AI, and si
levels in the ingot were all in good control. This result
indicates that the lanthanide bearing slag with the 8% Alz03
addition was close to the "equilibrium" slag composition
required to melt Alloy 718 using a CaFz/Laz03/CaO bearing
slag. Oxygen and sulfur levels were maintained at 7 ppm or
less at all ingot locations and indicate that the oxygen and
sulfur activities of the slag~were kept to low levels during
ESR.
The voltage and current trace from this heat was rough
from beginning to end with wide hash similar to that
observed in heat 5. Correspondingly, the electrode feed
into the slag was also erratic. In addition, the ingot
surface after ESR was also rather rough and irregular as
compared to other heats melted in this study. The power
data (kW) in Table XI show that this heat was melted with a
lower power than heat 5 and suggests that the slag may have
been too cold during ESR and produced this surface
irregularity.
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G. Microstructural Analysis
Microstructural specimens from each heat were examined
to determine the effect of the various ESR refining
processes on inclusion distribution within the
microstructure. Figures 3-8 show representative unetched,
400X photomicrographs for heats 1-6. The five ESR heats (1-
3,5,6) reveal varying amounts of oxides within the
microstructure. Heat 5 contains the least oxides followed
by heats 2,6, 1, and 3. Photomicrographs reveal that oxides
are contained within nitrides and carbides and are not
present in the general microstructure. The exception to
this observation is heat 3 which was deoxidized during ESR
with a mischmetal addition. The microstructure of heat 3
showed oxides were dispersed within the general
microstructure and not confined within nitrides and
carbides. Heat 4, representing the VIM-VAR practice
generally shows a clean microstructure with few oxides.
The photomicrographs of Figures 3-8 are useful in
exhibiting the general form of oxide precipitation in the
microstructure, but do not provide a completely accurate
indication of inclusion concentration because they only
represent one field of view. The following section, which
contains the quantitative image analysis data, does provide
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a clearer indication of the true background inclusion level
within the microstructure of each of the respective heats.
H. Quantitative Image Analysis Data
oxide inclusion data were generateda~~ and are listed
in Tables XII-XVII, respectively. The volume percent oxide,
number of particles/mm2, average particle diameter (~m) and
average particle area (~m2) are provided for each heat. The
corresponding oxygen value measured for each respective
location is also included for comparison. The data show
that the amount of oxide in all of the microstructures is
quite low ranging from a minimum of 0.001% to a maximum of
0.023%. This result should be expected since all oxygen
values were measured in the parts per million range. The
average of each heat's data shows heat 5 to contain the
least volume percent oxide, followed by heats 4, 2, 6, 1,
and 3, respectively.
The average diameter and area of the oxides for heats
1-6 is in the vicinity of one micron and indicates that all
oxides were rather small. The size of the oxides also
generally agrees with the volume percent oxide measured,
with heats containing the least volume percent oxide also
exhibiting the smallest oxides. Re-examination of the ingot
microstructures shown in Figures 3-8 indicates that the
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oxides being measured are those contained within the
carbides and nitrides. The one exception to this
observation is heat 3 where more oxides are observed in the
general microstructure than within nitrides and carbides.
I. Gleeble Test Data
Heat 4 (VIM-VAR) was selected for the initial series of
on-heating Gleeble tests because it represents the standard
melting process by which much premium alloy 718 is
manufactured and, therefore, is an appropriate reference for
the various ESR modifications. On-heating Gleeble test data
for heat 4 are listed in Table XVIII and graphed in Figure
9. The data show that ductility is minimal at 2100F and
2050F, but begins to increase at temperatures under 2050F.
Hot ductility appears to plateau at about 40% RA from 1900F
to 1700F. Low ductility fractures at 2100F and 2050F
demonstrated a dendritic surface morphology and sometimes
fractured along a 45 degree shear angle. The 45 degree
shear fracture exhibited smooth classic cleavage faces,
whereas dendritic fractures exhibited more of an
intergranular pattern which corresponded to primary and
secondary dendrites. High ductility fractures showed a
remnant dendritic structure, but with microvoi-a··coalescence
characteristic of higher ductility fractures. These low
ductility data, particularly at 2050 and 2100F, were
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surprising in that a 2050F hot working temperature is
routinely utilized on large size 718 ingots and billets.
These data caused a dilemma in the selection of the two
on-heating temperatures to be used for the balance of the
on-cooling tests. GI,eeble data from heat 4 indicated that
1950F and 1900F temperatures would be the proper on-heating
temperatures. However, industrial practices routinely use
forging temperatures of 2050F with good success and no
forging problems. Press forging of an as-cast plus
homogenized ingot section to 3/4" sq bar did not demonstrate
any tearing as reported in the next section. Compositional
checks were performed on forged bar and Gleeble specimen
material from heats 3 and 4 to determine if a sample mix
could have occurred during processing of the material. All
forged bar and Gleeble composition data showed good
agreement to the respective heat compositions and proved
that sample mixing had not occurred. In order to make the
information of this investigation of greatest utility to
production manUfacturing 718 practices, a decision was made
to use 2000F and 2050F as on-heating temperatures for the
balance of the on-cooling Gleeble tests of the study.
Gleeble ductility data for heats 1,3,4,5, and 6 are
listed in Tables XIX-XXIII, respectively. Figures 10-14
also show graphs of the individual on-cooling ductility
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behavior for each of the five heats. Figures 15 and 16 show
on-cooling Gleeble ductility data graphed as a function of
test temperature for two different preheating temperatures.
As Tables XIX-XXIII show, both 2050 and 2000F preheating
'temperatures were utilized for Gleeble testing of specimens
prior to cooling to the designated test temperature. Figure
15 shows the on-cooling ductility data of the five tested
heats graphed as a function of the on-cooling test
temperature for a 2050F preheat temperature. Figure 16
shows a similar graph for a 2000F preheat temperature.
Generally, Figures 15 and 16 show that the highest hot
ductility was experienced in heat 3, followed by heat 1,
heat 6, heat 5, and heat 4 in descending order. It is also
interesting to note in Figure 15 that the hot ductility of
heat 3 drops off sig~ificantly at lower temperatures
compared to the other heats. These differences in ductility
~)
indicate that the microstructure of the heats must have
varied. Grain boundaries are the most likely location of
this variation because the residual elements of interest in
this study can influence the strength and integrity of the
grain boundary and, consequently, the hot ductility.
Examination of the fracture face from a 0% Reduction of
Area (RA) on-cooling Gleeble specimen (2050 --> 2000F) from
heat 4 showed most of the fracture surface to be very
smooth. A low magnification SEM photomicrograph is shown in
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Figure 17~). Primary and secondary dendrites can be readily
observed. This frac~ure morphology is characteristic of a
cleavage fracture mechanism and confirms the 0% RA of the
specimen. It would appear that the fracture progressed
along the primary dendrites.
Figure 18 shows a heat 5 on-cooling Gleeble specimen
(2050 -->1700F) which had 37.9% RA. Figure 18A shows the
fracture occurred on a 45 degree angle suggesting that the
fracture occurred on a shear plane. Figure 18B shows a
slightly dimpled fracture surface which is characteristic of
the higher ductility fracture mechanism of microvoid
coalescence.
Figure 19 shows the fracture surface of a heat 5 on-
cooling Gleeble specimen (2050 -->1700F) which had 53% RA.
This is the same test condition as Figure 18, but
demonstrated higher ductility. No evidence of a shear plane
is observed and microvoids are present once again, but
appear to be more elongated than the sister specimen. The
more extensive and elongated dimpling contributed to this
specimen's higher ductility.
Figure 20 shows the fracture surface of a heat 3 on-
cooling Gleeble specimen (2050 -->1800F) which demonstrated
a very high ductility of 87.9%. Extensive microvoid
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coalescence can be observed over the entire fracture region.
Thus, Gleeble specimen fracture faces reflected
characteristic high and low ductility fracture face
morphology.
J. pilot Bar Forging'
Forging results were as follows:
Heat 1 - no tearing observed during entire forging sequence,
Heat 3 - could not forge - tears developed immediately upon
first reductions,
Heat 4 - no tearing observed during entire forging sequence,
Heat 5 - slight tearing during initial reduction, finish
forged to 0.75" sq without further tearing,
Heat 6 - slight tearing on initial reduction, finish forged
to 0.75" sq without further tearing.
Based upon the Gleeble on-cooling ductility data, the pilot
bar forging results are rather surprising. Heat 3 which
showed the best on-cooling ductility demonstrated very poor
ductility and could not be hot worked. Also, heat 4 which
demonstrated the poorest Gleeble hot ductility demonstrated
good hot working behavior during forging. Heats 1,5, and 6
forging behavior demonstrated reasonable agreement with
Gleeble on-cooling ductility values. A compositional check
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was performed on Gleeble specimens from heats 3 and 4 to
determine if oxygen, sulfur, Mg, Ca, Ce, and La values
agreed with the respective heat compositions. Results
showed that each Gleeble specimen composition agreed with
the expected heat composition.
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DISCUSSION OF RESULTS
The ability of a slag to remove oxygen from a
metal/alloy during ESR is greatly influenced by the
following slag properties:
1. basicity,
2. FeO activity (oxygen potential) and
3. free energy of formation of slag components.
Brief contemplation of the above criteria reveals that these
slag properties are interdependent. Failure to meet the
three criteria in the slag simultaneously during ESR will
result in a slag with diminished refining capability.
Thus, the data obtained by the various ESR melting
procedures of this study reflect the ability (or inability)
to meet the above criteria.
As each of these criteria is applied to the ESR heats
melted in this study, understanding of the crucial factors
affecting slag performance can be enhanced.
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A. Effect of Slag FeO Content on Ingot Oxygen Content
It is well known that removal of oxygen during ESR is
directly related to the FeO content of the slag.
Figure 21~ illustrates this effect quite well and shows
that as the FexO content decreases, the dissolved oxygen
level within the metal pool also decreases. The reason why
iron oxide plays such an important role in the ingot oxygen
content can be attributed to the relative ease in which iron
oxide can change valency state(4,l2). Hoyle(4) has outlined how
iron oxide acts to transfer oxygen from the atmosphere above
the slag to the ESR metal pool:
Fe + 1/202 (g) -~------> (FeO) electrode/slag/air
interface
2 (FeO) + 1/202 (g) ------> (Fe203 ) slag/air interface
(Fe203) + Fe ------------> 3(FeO) metal/slag interface.
Thus, it can be seen that iron oxide behaves as the medium
through which oxygen is transferred from the atmosphere
above the slag to the metal. Iron oxide also has a low
solubility in CaF2 which increases its activity and oxygen
pick-up in the slag considerably(4,26). Fortunately, CaO has
been found to lower the activity of iron oxide and
counteracts this del~terious effect.
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Sasabe and Asamuravm investigated oxygen transport from
the atmosphere through a CaO-SiOz-Alz03 slag film and
discovered that additions of caFz and other oxides to
metallurgical slags produced widely varying oxygen transport
rates. Their work showed that iron oxide possessed the
highest oxygen diffusion rate of all the oxides investigated
as shown in Figure 22 and show that only a 0.2% Fez0 3
addition to the slag increased the reference oxygen
diffusion rate dramatically.
Sasabe and Asamuraon also discovered that transition
metal oxides as a whole also possessed higher oxygen
transport rates than non-transition metal oxides. For slags
containing non-transition metal oxides such as Alz03 , their
data showed that oxygen was absorbed into slags in the form
of 0z molecules with the diffusion rate direc~ly
proportional to the oxygen partial pressure. For slags
containing transition metal oxides, oxygen was absorbed by
the slag in the form of O~ ions with corresponding positive
holes. Diffusion rates into the slag followed a lin power·
dependence where n was the oxygen partial pressure above the
slag. While the true magnitude of the oxygen diffusion rate
increase due to the presence of Fez0 3 in the slag may be
debated, the trend of higher oxygen transport rates with
increasing levels of FeD in the slag appears genuine. Thus,
slags containing high FeD levels will possess high oxygen
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activities and produce higher than desired oxygen levels in
remelted ingots. with respect to the current study, the
implication is clear. Low oxygen partial'pressures above
the slag in combination with low slag FeO levels should
produce ingots containing low oxygen levels.
with respect to the data of this study, slag analysis
did not distinguish FeO from Fez0 3 • Hence, it is difficult
to develop a clear relationship between percent FeO and the
oxygen content of the ingot. Figure 23 shows the total
percent FexO measured at the end of ESR with the oxygen
content at the "A" location of the ingot. No discernable
trend is evident. It is quite possible the percent FexO
contents measured in the slag are not a true indication of
the percent FeO levels present during ESR. Unfortunately,
the ESR furnace design does not permit slag samples to be
taken in a practical manner during ESR and the slag analyses
represent samples removed from the slag cap after ESR. It
is also possible that the hot top procedure which gradually
ramps down the power in order to terminate ESR could have
altered the percent FeO content from the nominal percent FeO
present during ESR. The data do show that heat 5 which had
the lowest ingot oxygen level, also had the lowest measured
FexO level of all the slags at 0.03%. This result is
contradicted by heat 6 which had the highest slag FexO level
of 0.21%, but also had low ingot oxygen levels of <5-7 ppm.
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No data are available on the effect of rare earth oxides on
the activity of FeO in CaF2/CaO/La203 slags. Therefore, any
role La203 may have exerted on these contradictory data
cannot be determined. It is also unfortunate that no slag
analysis is available from heat 1 which possessed low ingot
oxygen levels.
B. Effect of Slag Basicity on Ingot Oxygen Content
Slag basicity is often defined as the ratio of basic
oxides to acidic oxides. A more precise definition would
identify a "basic" slag as one where there is an excess of
0-2 ions in the slag and an "acidic" slag where there is a
deficiency of 0-2 ions(28). CaO and MgO are classified as
basic in nature because they donate 0-2 ions to the slag when
they dissociate to form Ca+2 and Mg+2 cations and O~ anions.
Si02 is considered acidic because it accepts o~ ions to form
• -4 •Sl04 lons. Al203 is considered amphoteric because it can
behave as either an acid or base. In the presence of CaO,
Al203 will behave as an acid and form ions of AI03-3 •
Most commercial ESR slags contain significant amounts
of CaO and A1203 • CaO is beneficial because it possesses a
very high negative free energy which enables ca+2 ions to
reduce chemically any other metal oxide except rare earth
36
oxides and consequently, favors low slag oxygen activities
while maintaining good compositional control during ESR.
CaO is also very basic. Al203 is added to ESR slags for its
high electrical resistivity and because it possesses a
relatively high negative free energy of formation as well.
In most ESR applications, the presence of Al203 does not pose
any problem to the refining capability of the slag.
However, Al203 is also acidic in nature and may increase the
oxygen activity of the slag. Duckworth and Hoyle(12) report
that a 10% increase of Al203 in the slag increased the ingot
oxygen content from 20 to 40 ppm in a ball-bearing steel.
The relationship between slag basicity and oxygen
content in the steel is demonstrated in data reported by
Jager~ et al. in Figure 24. These data show how an-
increase in slag basicity lowers the oxygen content (a
reflection of lower oxygen activity in the slag) of the
alloy and lowers the oxide inclusion content. In Figure 24,
basicity is defined as the caO/si02 ratio which obviously
does not account for the contributions of all of the slag
components.
"Optical basicity" is a recent refinement of the strict
ratio method and accounts for the contributions of all major
slag components to slag basicity(29-33). The formula used to
calculate optical basicity values for this study was that
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derived by Duffy(29) and is given in Table XXIV. The
literature contains optical basicity multiplication factors
for many individual oxides and fluorides which are used in
the calculation of a slag's optical basicity. However, no
value can be found in the literature for Lap3 or Ce02 •
Fortunately, Duffy and Ingram~) have determined that the
optical basicity of an oxide can be correlated to the
Pauling electronegativity by the following formula:
0.75
Mult. factor = x - 0.25
where x equals the Pauling electronegativity. This equation
was used to determine the multiplication factors for La203
and Ce02 and happened to be 0.88 for both oxides. This
value is not as high as that of CaO (1.0), but is higher
than that of Al203 (0.60) and indicates that rare earth
oxides are more basic than alumina.
Calculations of the optical basicities £or all of the
ESR slags used in this study were done and are listed in
Table XXIV. The data show that the nominal CaF2/CaO/AI203
slags used in this study had optical basicity values ranging
from 0.598 to 0.617 while the ESR slags which substituted
La203 for Al203 possessed significantly higher values of 0.683
and 0.685. The apparent effect of optical basicity on the
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ESR ingot content can be observed quite well in the oxygen
values of the ESR heats. Both heats melted with the La203
bearing slag - 5 and 6, possessed consistently low oxygen
levels of approximately 5 ppm whereas the nominal CaF2-CaO-
Al203 heats contained oxygen levels ranging from 5-56 ppm.
The mechanism by which increased slag basicities may
help lower the oxygen activity of the slag appears somewhat
complex and may reflect the influence of more than one slag
parameter. A change in the relative activities of various
slag components could explain why La203 was able to lower the
oxygen activity of the slag and therefore, the ingot.
Hawkins and Davies(26) have clearly shown that the activity
coefficient of FeO is lowered as the CaO content of a
CaF2/CaO/FeO slag is increased as graphed in Figure 25. As
the activity coefficient of FeO is decreased, the activities'
of Fe and oxygen in the slag are lowered by a corresponding
amount. Thus, because the oxygen content of the metal is
dictated by the oxygen activity of the slag, lower slag
oxygen activities should produce lower ingot oxygen values.
This understanding could provide further insight to the
Figure 24 data generated by Jager~) et ale It is clear that
the increased basicity in Figure 24 was due to an increased
CaO content which would have decreased the FeO and oxygen
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activity. The exact composition of Jager's slag is unknown;
however, it is likely to be a CaF2/CaO/AI203 slag since most
slags used to ESR superalloys are variations on this system.
with regard to the present study, it is quite possible
that the substitution of La203 for Al203 may have lowered the
activity of FeO. Unfortunately, no data are available in
the literature as to the effect of La203 on the activity of
FeO in caF2/CaO/AI203 slags. However, Hawkins and Davies(26)
claimed in their work that the activity of FeO in the slag
increased when up to 8% Al203 was added to a CaF2/CaO/FeO
slag. Their work also clearly showed as graphed in Figure
25, that the activity coefficient of FeO in the CaF2/CaO/FeO
system is lowered as the concentration of CaO increases.
Thus, high CaO levels in the ESR slag should consequently
help to lower the oxygen activity of the slag while
increasing Al203 levels would be expected to increase the
oxygen activity of the slag. It has not been experimentally
determined how Al203 in the range of 25-30% affects the FeO
activity in CaF2/CaO/FeO slags. However, if the identified
effects of CaO and Al203 on the FeO activity coefficients
continue to hold true at Al203 levels of 25-30%, then
substitution of La203 for Al203 may help achieve lower FeO
activity coefficients and lower ingot oxygen levels.
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The substitution of a more basic oxide such as Laz03 for
Alz03 in the slag would work to lower the FeO activity
coefficient and oxygen activity in the slag (like CaO) and
explain the improved oxygen refining capacity of the
CaFz/CaO/Laz03/Alz03 slag compared to CaFz/CaO/Alz03 slags. In
this study, it was not possible to completely replace Alz03
with Laz03 in the slag because a minimal amount of Alz03 is
required to maintain compositional control of the Ti and Al
during ESR. For Alloy 718, the Laz03 bearing slag still
contained 8% Alz03. Nevertheless, the low ingot oxygen data
of heats 5 and 6 indicate that Laz03-bearing slags achieved
lower slag oxygen activities than other heats in the study
which used only CaFz/CaO/Alz03 slags. Continuing with this
line of reasoning, the slightly higher oxygen levels in heat
6 compared to heat 5 could be explained by the Al
deoxidation additions made during ESR of the latter heat
which could have raised the oxygen activity of the slag a
slight amount. In addition, it does not appear that the Al
deoxidation additions provided any benefit to slag
deoxidation in this case.
Another oxide which may also increase the oxygen
activity of the slag because of its multivalent nature is
titanium oxide. Mitchell(l) has pointed out that Ti can
exist in three different valence states in the slag; Ti+z,
Ti+3, and Ti+4 • One reaction which occurs at the slag/air
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interface is
This reaction is similar to the FeO reaction at the slag/air
interface which contributes to high slag oxygen activities.
Thus, if the slag is not completely shrouded with argon,
which is a possibility in the present study, slag oxygen
activity levels could likely be increased in the presence of
titanium oxide. MitchellO~ et al. have also determined that
for FeO contents ranging from 0.02 - 0.07% in
CaF2/CaO/AI203/Si02 slags, oxygen activity increased as sio2
content increased. since Tiox and Si02 may have acted to
increase the slag oxygen activity, La203 may have also acted
to decrease the activity of these oxides as well although
data are not available to conclusively established this
hypothesis.
The data of the present study show optical basicity can
be viewed as a gauge of the ultimate ability of CaO and
La203-bearing slags to remove oxygen from the melt during
ESR. This relations~ip could reflect lower Fee activity
coefficients in the presence of high CaO and La203 levels.
However, the contribution of a high negative free energy of
formation to low slag oxygen activities cannot be
underestimated. CaO and La203 both exhibit very high
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negative free energies of formation and demonstrate a high
affinity for oxygen. It is questionable that a basic oxide
with a moderate to low negative free energy of formation
such as K20 would demonstrate the same basicity/ingot oxygen
content relationship as observed with CaO and La203. It is
also probable that o~her basic oxides which possess high
negative free energies of formation such as MgO and Ce02
will also demonstrate the same basicity/ingot oxygen
relationship observed in this study and that of Jager~.
For ESR under air cover, maintenance of a low slag
oxygen activity through use of a basic ~lag composed of CaO
and La203 and an optimized slag deoxidation practice will
enable the slag to approach its ultimate oxygen refining
capability. However, if the slag deoxidation ~ractice is
not optimized, a higher than desired ingot oxygen value will
result. ESR under argon cover may only require the use of
CaO/La203 basic slags (no deoxidation procedure) since the
primary source of external oxygen to the slag has been
eliminated through the argon shrouding. This reasoning is
confirmed in the present study by the higher optical
basicities of the CaF2/CaO/Lap3/Al203 slags and lower ingot
oxygen levels compared to the lower optical basicities and
higher ingot oxygen levels associated with the CaF2/CaO/Al203
slags.
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Sulfur removal in La203 bearing slags appears to be
comparable to that of CaF2/CaO/AI203 slags. Heats 5 and 6
report sulfur levels of 5-7 ppm while other ESR heats melted
with CaF2/CaO/AI203 slags under air and argon reported sulfur
levels of <5 ppm to 0.002%. Rare earth sulfides and
oxysulfides possess high negative free energies of formation
which are comparable to those of rare earth oxides(36,37).
Thus, rare earth oxide bearing slags should remove sulfur
quite effectively during ESR as the data of this study show.
C. Effect of Slag Oxide Stability on Slag Oxygen Activity
In the attempt to improve the oxygen refining
capability of the ESR slag to the highest possible level, it
is important to consider the effect of all slag components
to the oxygen activity of the slag. Duckworth and Hoyle(12)
have stated that the oxygen content in the ESR ingot is
directly related to the square root of the oxygen activity
in the slag. Thus, while the oxygen activity of the slag is
greatly influenced by slag/air oxidation reactions, slags
composed of oxides with high negative free energies of
formation are also essential to produce the lowest possible
slag oxygen activity. An oxide with a large negative A GO
will also have a large equilibrium constant (~) and have a
low partial pressure of oxygen in the slag and consequently
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in the metal as well. Thus, if the slag composition is
adjusted to contain oxides with the largest d GO values, the
ability to attain the lowest possible slag oxygen activity
will be enhanced.
In this stUdy, La203 was substituted for Al203 in the
slag because La203 had a higher negative free energy of
formation value than Al203. A comparison(37,38) of free energy
of formation values at 1650C shows Al203 to have a value of
approximately -700 kJ/mol 02 and La203 a value of -800 kJ/mol
02. The ESR ingot oxygen data show that the La203 bearing
slags produced heats containing lower oxygen values than
those containing Al201 • These data indicate that the
substitution of La203 for Al203 in the slag did indeed help
achieve lower slag oxygen activities and ingot oxygen
levels.
D. Effect of Argon Shrouding on Slag Oxygen Activity
The oxygen partial pressure above the ESR slag is an
"-
important variable in the ESR process because of the
oxidation reactions which occur between the slag and
atmosphere. The effect of argon shrouding is to reduce or
eliminate these slag/atmosphere oxidation reactions.
Previous workm in argon ESR of superalloys showed that one
of the primary benefits of argon shrouding was that the slag
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became a closed system where slag reactions became
interdependent and more controllable due to the elimination
of the slag/atmosphere reactions. This interdependence in
turn enables reactive elements such as Ti and Al to be
controlled in better fashion during ESR as compared to ESR
under air. It is possible to maintain acceptable
compositional control of superalloys containing Ti and Al
during ESR under an air cover; however, this requires close
control over slag composition and deoxidation practice.
(00
Figure 26 shows the effect of oxygen content above the
slag and the dissolved oxygen content in an electroslag
remelted nickel-base alloym. These data clearly show how
the oxygen content of the ESR ingot is reduced as the oxygen
potential above the slag is also lowered through shrouding
with inert gas. This graph shows that an oxygen potential
of 0.2% is the level required to maintain ingot oxygen
contents to the lowest possible levels (for Figure 26 - 15
ppm). From a practical standpoint, the ability to maintain
consistently the oxygen partial pressure above the slag at a
low value is a considerable challenge due to the design of
the furnace crucible and the convective air currents that
are present above the slag. During ESR in this study, argon
flow rates to the furnace chamber had to be continually
increased throughout ESR in order to maintain oxygen partial
pressures at levels of 2% or less.
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One drawback of argon shrouding is the potential effect
on sulfur removal during ESR. In ESR with an air cover,
sulfur is passed from the slag into the atmosphere by the
following reaction:
(S) + 02 (g) -+ S02 (g)
This reaction allows the slag to continually desulfurize
during ESR and allows maximum desulfurization of the metal
to occur. When an argon shroud over the slag is utilized,
atmospheric oxygen is unavailable to the sulfur in the slag
and S02 formation does not occur. As a result, sulfur
removal during ESR is determined solely by the sulfur
capacity of the slag. For electrodes of relatively low
sulfur level, removal of sulfur during ESR is not adversely
affected. For electrodes containing higher sul!ur levels
though, sulfur removal will probably be adequate in the
beginning of ESR when the slag has not reached the sulfur
saturation level. As ESR continues and the slag becomes
saturated with sulfur, sulfur removal from the metal will
cease. In this study, sulfur removal was adequate in both
air and argon ESR heats. Sulfur levels were lowered by ESR
by an average of 50%.
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,E. Relationship Between Slag Basicity and Slag Oxygen
Activity
The relationship between slag oxygen activity and slag
basicity and their effect on ingot oxygen content is not
entirely clear. Data by Jager~ in Figure 24 indicate that
as slag basicity increases, the oxygen activity of the slag
decreases and lowers the amount of oxygen retained in the
ingot. No information was available in Jager's pUblication
as to the slag composition(s) used to generate these data.
If slag basicity alone dictated the oxygen activity of the
slag, this would suggest that other basic oxides such as K20
and Na20 would be very effective oxides in ESR slags
formulated to produce low oxygen ESR ingots. However, the
low negative free energies of formation for K20 and Na20 make
them unsuitable for ESR because most elements in the ingot
would chemically reduce these oxides and make compositional
control during ESR very difficult. BaO, which is also very
basic, but contains a higher negative free energy of
formation offers promise as another oxide that may enable
very low ingot oxygen values to be attained during ESR.
Unfortunately, BaO is both toxic and subject to strict
environmental regulations, and for these reasons cannot be
realistically pursued as an ESR slag component.
It is probable that in order to attain very low ESR
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ingot oxygen contents that high basicity, low FeO activity,
argon shrouding, and high negative free energies of
formation are required simultaneously of the slag
components. In fact, it is quite possible that high
basicity promoted low ingot oxygen levels only because CaO
and La203 possessed high negative free energies of formation
and lowered the FeO activity in the slags. This reasoning
would explain why La203-bearing slags obtained lower ESR
ingot oxygen values than Al203-bearing slags. La203 had both
a higher negative free energy of formation and optical
basicity compared to Al203 and would support this line of
reasoning.
F. Proper Control of Ti and Al During ESR
One difficulty encountered during ESR of superalloys is
the control of Ti and AI. These elements are more difficult
to control than most other elements because they both
possess high negative free energies of formation of oxides
and as a result tends to reduce other oxides of lower
negative free energy. Ti poses an additional problem
because it is a multivalent oxide which can increase the
oxygen potential of the slag much in the same manner as FeO.
In order to maintain the proper ingot Ti and Al values
during ESR, the slag Al203 and Ti02 levels must be in
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chemical equilibrium with the Ti and Al contents in the ESR
ingot being melted(2,15,39,40). If the slag is not in equilibrium
distribution with the Ti and Al levels, it will undergo the
proper oxidizing or reducing chemical reactions to bring it
into equilibrium. To control Ti and AI, the reaction of
importance is:
For Alloy 718 compositions containing nominally 1% Ti and
0.55% AI, the proper Ti02 and Al203 slag contents should be
as follows:
1. Argon ESR, caF2 /Cao/A1203 slag: A1203 - 30.3%, Tio2 - 4.10%
2. Argon ESR, CaF2/CaO/La203 slag: A1203 - 8.0%, Tio2 - 3.85%
An obvious example of the slag composition adjusting to
reach an equilibrium concentration can be observed in heat
5. This was the first heat melted using La203 in the slag
and there was no data available to estimate what the proper
oxide ratios should be in the slag. Thus, it was recognized
that compositional control would be compromised until a slag
analysis could be performed on the slag from this heat.
Ingot and slag analysis data from Tables V and IX,
respectively, show that Al was oxidized from the ingot into
the slag to form A1203. Since the argon shrouding made the
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slag a closed system, TiOz was reduced as Alz03 was oxidized
and there was a corresponding increase of Ti in the ESR
ingot as a result.
Slag analyses also indicate a loss of sioz and MgO. A
corresponding increase in si is observed in the bottom of
the ingot. However, no increase in Mg is recorded in the
ESR ingot. The most likely explanation for the loss of Mg
from both the slag and the ingot is that because Mg has both
low solid solubility in 718 and a very high vapor pressure,
it volatilized out of the slag into the atmosphere.
G. Effect of Slag composition on Slag Electrical
Conductivity
The use of an argon shroud over the slag versus an air
shroud produced no discernable change to the electrical
conductivity of the slag as evidenced by the similar current
and voltage strip chart traces of air and argon melted
heats. However, it appears that the addition of Laz03 to a
CaFzjCaOjAlz03 slag at a level of 15-17% does significantly
affect the electrical conductivity of the slag compared to
CaFzjCaOjAlz03 slags containing 5% or less rare earth oxide.
The need to operate the ESR furnace at slightly higher
voltages for the LaZOJ-bearing slags indicates that their
slag electrical resistivity was lower compared to that of
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nominal CaF2/CaOjAI203 slags. It is likely that, since La203
was added primarily at the expense of A1203 , the lower
electrical resistivity is more a reflection of less Al203 in
the slag rather than a high La203 content. A principal
reason Al203 is added to ESR slags is to raise their
electrical resistivity to improve power efficiency.
Therefore, slags with lower Al203 levels such as used in
heats 5 and 6 would be expected to exhibit higher electrical
conductivities compared to nominal CaF2/CaO/AI203 slags.
H. Microstructural Analysis of ESR Ingots
A review of the quantitative image analysis oxide data
and the representative photomicrographs of the various heats
reveals that the sizes of the oxides in the ingots of this
study are on the order of less than 1 micron diameter and
are almost always contained as a seed within a carbide or
nitride. The exception to this condition is heat 3 which
contained oxides approaching 2 microns diameter in the
general structure. The very small size of the inclusions
indicates that these oxides precipitated upon solidification
during ESR and do not represent oxides from the prior VIM
operation.
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Research work on ESR by Mitchell(11) has shown that one
primary advantage of ESR is that large oxides from the
initial melting operation are dissolved into the slag during
ESR and do not pass through to the remelted ingot. VAR does
remove some large oxides, but cannot assure that all large
oxides are removed from the ingot and is inferior to ESR
with respect to this aspect of refining. oxides present in
ESR ingots precipitate from solution upon solidification and
are consequently very small as long as the oxygen activity
of the slag is kept low. If the slag is not properly
controlled and deoxidized, the risk of precipitating larger
inclusions during solidification is possible as was observed
in heat 3 of this study, which contained high oxygen levels
and larger oxysulf ides and phosphides(19). When oxides are
small and contained within carbides and nitrides, they exert
no impact on the safety and fatigue life of superalloys and
are basically a nonfactor in terms of material performance.
Thus, a major benefit of ESR is the removal of large oxides
from the initial primary melting operation by dissolution of
these oxides into the slag (provided that the slag is
properly deoxidized).o
The oxides observed and measured in this study
represent the background oxide inclusion content of the ESR
ingot. It is reasonable to expect to find a relationship
between the measured oxygen content and the amount of oxide
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present in the microstructure. Figure 27 shows a graph of
average volume percent oxide plotted as a function of oxygen
content for each ingot location. As the data show, there is
a general increase in inclusion content as oxygen content
increases. Thus, lower oxygen levels translate into smaller
oxide inclusions. since microstructural analysis shows that
most oxides act as seeds for nitride and carbide
precipitation, it is unknown if low oxygen levels can alter
the carbide/nitride size and distribution in the
microstructure by reducing the number of nucleation sites.
However, it is likely that the local solidification time
still plays the predominant role in determining the
carbide/nitride size and distribution in the solidification
microstructure.
Figure 28 shows a plot of average oxide area plotted as
a function of average volume percent oxide for each
location. These data also show a rather strong trend that
as volume percent oxide decreases, oxide size also
decreases. Table XI shows the melt rates for all the heats
to vary between 210 to 295 lbs/h and ingot cooling
conditions were similar for all six ingots. Thus, the heat
extraction and local solidification times should be
comparable for each of the ingots. These similar
solidification conditions indicate that differences in oxide
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size are probably the function of the oxygen level of the
ingot.
Because oxides are contained within carbides and
nitrides, the carbide/nitride distribution within the
microstructure becomes the limiting factor in material
safety and performance. Work(41,42) has shown that nitrides
have a greater tendency to agglomerate into inclusion
clusters than oxides. Thus future work should concentrate
on control of nitrogen and nitride precipitation in the
microstructure as a means to improve superalloy material
performance.
I. Gleeble/Forged Bar Data Correlation
The forging behavior of heats 3 and 4 was unexpected
based upon the Gleebl.e test data of the respective heats.
The Gleeble test strain rate of l/second and that of the
open die press forging are within the same order of
magnitude and consequently dismisses strain rate as a
significant variable which could affect hot ductility. A
microstructural examination of the heat 3 forged bar which
demonstrated unexpected poor ductility was performed. Close
examination of the crack root area showed that the fracture
followed a grain boundary. Representative photomicrographs
of the unetched and etched conditions are shown in
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Figure 29. Inspection of the forged bar structure also
revealed a very coarse grain structure with very few grain
boundaries. Review of the heat 3 chemical composition shows
that this heat retained the highest combined levels of Ce
and La of the heats in the study.
Published literature~34~ reveals that a small addition
of a rare earth element to an alloy is beneficial to
material cleanness and ductility; however, excessive amounts
are deleterious to hot working and mechanical properties.
Data have been pUblished on nickel base superalloys such as
80Ni-20Cr, Inconel· 901 and Waspaloy·, but not on Alloy 718.
Published data suggest that rare earth additions of
approximately 0.02% provide the maximum benefit to hot
workability and ductility, whereas the combined Ce and La
levels in heat 3 ranged from 0.013% to a very high level of
0.059%. Ce has been found~~ to be more deleterious than La
at higher levels because it tends to form a NisCe eutectic
at the grain boundaries, whereas La does not form a eutectic
but dissolves in the matrix more readily.
In the current study, it is likely that the high Ce and
Inconel® is a registered trademark of Inco family companies.
Waspaloy® is a registered trademark of united Technologies
Corp.
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La levels of heat 3 in combination with the very coarse as-
cast grain size contributed to an excessively high
concentration of rare earth elements in the grain
boundaries, which consequently formed a low melting point
eutectic phase. This phase liquified at the 2050F hot
working temperature and led to the large forging tears which
developed during initial hot working of the heat 3 ingot
section. Thus, the forging behavior of heat 3 is consistent
with the literature.
As to why the poor forging behavior of heat 3 was not
reflected in the Gleeble data, there is only one reasonable
explanation. As stated earlier, the as-cast grain size of
heat 3 was very coarse. It is possible that the various
0.252" Gleeble specimens from heat 3 contained little and
perhaps no grain boundary area in the tested cross sections.
Thus, the Gleeble specimen data reflected the matrix
ductility in the absence of the highly segregated, low
strength grain boundary effect and demonstrated high
ductility as a result. Heats 5 and 6 contained no ee, but
comparable levels of La to heat 3. The lower concentration
of rare earth elements enabled these heats to be forged with
only slight tearing and more closely reflected the Gleeble
hot ductility. The good forging behavior of heat 4 in spite
of the poor Gleeble data remains unexplained, but may
reflect the influence of the columnar and equiaxed as-cast
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coarse grain structure.
It is possible that the benefits of Ce and La could be
better realized if a smaller grain size could be achieved in
the as-cast ingot. A small as-cast grain size would reduce
the concentration of rare earth elements in the grain
boundaries and minimize the formation of low melting point
eutectic phases.
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CONCLUSIONS
1. Substitution of Laz03 for Alz03 in a slag increases the
optical basicity of the slag and helps to lower the oxygen
activity of the slag. The low oxygen activity of the slag
produces a correspondingly low oxygen content in the ingot
after ESR. The two Laz03 bearing slags containing the
highest basicity pro~uced ingot oxygen levels averaging only
5 ppm.
2. Partial substitution of Laz03 for Alz03 in the ESR slag
contributed to lower oxygen levels in the remelted ingot and
suggests that the higher negative free energy of formation
of Laz03 helped produce a lower oxygen activity in the slag
than could be attained with larger levels of Alz03 •
3. Data of the study indicate that as both slag basicity and
the negative free energy formation of oxides in the slag are
simultaneously maxim~zed, such as with CaO and Laz03 , the
slag oxygen activity will decrease and correspondingly
produce lower oxygen levels in the remelted ingot. Proper
deoxidation of the slag during ESR must also be performed in
order to realize the advantages of this beneficial
combination.
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4. No significant correlation was observed between the total
FexO percent level in the slag and the oxygen content of the
alloy 718 ingot after ESR.
5. Argon shrouding of the slag during ESR improves control
of slag reactions, and helps to lower the slag oxygen
activity when combined with a high slag basicity and slag
oxides possessing high negative free energies of formation.
6. La203-bearing ESR slags can maintain proper Ti and Al
levels in the remelted Alloy 718 ingot provided a minimal
amount of Al203 and Tio2 remain in the slag to achieve
chemical equilibrium during ESR.
7. The partial substitution of La203 for Al203 in the ESR slag
decreased the electrical resistivity of the slag and
required higher voltages during ESR.
8. Oxides observed in the remelted ingot were on the order
of one micron diameter when proper deoxidation techniques
were utilized during ESR. Improper deoxidation of the slag
during ESR can lead to the precipitation of larger oxides in
the remelted ingot.
9. Oxides observed in the remelted ingot were almost always
contained as seeds within carbides and nitrides. Therefore,
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small oxides precipitated in this manner exert no
significant impact on the mechanical property performance of
Alloy 718. Future work should focus on the elimination of
carbide and nitride clusters from the Alloy 718
microstructure.
10. Data show that as the volume percent oxide in the
microstructure decreases, average oxide size also decreases.
Measured oxygen content and volume percent oxide
demonstrated a weaker, but similar correlation.
11. Microstructural analysis and published literature
suggest that a high concentration of Ce and La was present
in the grain boundaries of ingots exposed to La20 3 bearing
slags and mischmetal deoxidant additions. Subsequent
forging of those heats showed variable forgeability due to
the high levels of rare earth elements at grain boundaries
and somewhat mitigates the beneficial use of La20 3 as a means
to lower the ESR slag oxygen potential. A smaller as-cast
grain size in the ingot would reduce the rare earth element
concentration at the grain boundaries and should
correspondingly improve forgability.
12. Gleeble hot ductility values demonstrated a mixed
correlation to actual heat forgeability. It is believed
that some Gleeble specimens demonstrated high ductility
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during testing because the specimen cross section did not
contain grain boundaries. Larger sections of material from
the as cast ingot which did contain weakened grain
boundaries demonstrated poorer hot ductility during actual
forging trials.
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TABLE I
ALLOY 718 HEAT 1 CHEMICAL COMPOSITION "i~-
AIR-ESR HEAT REMELTED USING NOMINAL SLAG WITH Al DEOXIDATION ADDITIONS
Electrode Ingot
Element X A X C B A
C 0.051 0.049 0.056 0.050 0.050 0.050
Mn 0.11 0.11 0.12 0.11 0.11 0.10
Si 0.15 0.14 0.18 0.16 0.15 0.15
P 0.006 0.007 0.010 0.009 0.005 0.010
S 0.002 0.002 0.001 0.002 0.002 0.002
Cr 18.47 18.51 18.35 18.50 18.47 18.44
Ni 52.32 52.23 52.22 52.27 52.25 52.27
Mo 3.03 3.03 3.04 3.04 3.03 3.03
Cu 0.05 0.04 0.05 0.05 0.05 0.05
Co 0.29 0.29 0.29 0.29 0.29 0.29
V 0.04 0.04 0.09 0.04 0.04 0.04
Ti 0.98 0.97 0.95 0.95 0.99 1.10
Al 0.57 0.61 0.50 0.56 0.58 0.55
N 0.008 0.007 0.006 0.006
O(ppm) <5 <5 13 <5 13 <5
B 0.0032 0.0034 0.0023 0.0033 0.0033 0.0039
Cb 5.27 5.29 5.35 5.30 5.31 5.31
Fe Bal. Bal. Bal. Bal. Bal. Bal.
Ca(ppm) 15 15 15 15 15 15
1"lg(ppm) 51 43 13 11 13 17
-1'. Heat melted under ·air with nominal slag + 6% Ti02 + 15 gr AIlS
min.
All values weight percent unless noted.
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TABLE II
ALLOY 718 HEAT 2 CHEMICAL COMPOSITION ~r-
ARGON-ESR HEAT REMELTED USING NOMINAL SLAG AND Al DEOXIDATION ADDITIONS
Electrode Ingot
Element X A X E D C B A
C 0.037 0.042 0.042 0.043 0.044 0.042 0.042 0.040
Mn 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09
Si 0.17 0.17 0.24 0.20 0.18 0.24 0.20 0.17
P 0.007 0.005 0.013 0.010 0.012 0.011 0.014 0.012
S (ppm) 14 15 <5 <5 <5 <5 <5 7
Cr 18.60 18.67 18.58 18.60 18.66 18.55 18.64 18.54
Ni 52.59 52.50 52.36 52.49 52.44 52.47 52.46 52.18
Mo 3.03 3.03 3.04 3.03 3.02 3.04 3.03 3.01
Cu 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Co 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Ti 1.02 1.03 1.04 0.98 1. 01 1.00 0.99 1.11
Al 0.54 0.54 0.51 0.55 0.57 0.51 0.55 0.54
N 0.009 0.007 0.007 0.008 0.008 0.008 0.008 0.007
o (ppm) 16 9 31 26 22 23 18 8
B 0.0031 0.0032 0.0035 0.0034 0.0036 0.0031 0.0038 0.0035
Cb 5.29 5.25 5.35 5.29 5.21 5.38 5.24 5.21
Ta <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Fe 17.87 17.93 18.30 18.29 18.33 18.23 18.32 18.65
Ca (ppm) <10 <10 <5 <5 <5 <5 <5 <5
Mg ( ppm) 50 50 17 15 21 16 17 25
* Heat melted under argon with nominal slag + 4.5% Ti02 + 4 gr Aldeoxidation addition every 5 min.
All values are weight percent unless noted.
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TABLE III
ALLOY 718 HEAT 3 CHEMICAL COMPOSITION
AIR-ESR HEAT REMELTED USING NOMINAL SLAG ,WITH AND MISCHMETAL
i\'
DEOXIDATION ADDITIONS
Electrode Ingot
Element X A X C B A
C 0.041 0.040 0.045 0.041 0.041 0.041
Mn 0.09 0.09 0.10 0.09 0.09 0.09
Si 0.18 0.18 0.21 0.19 0.19 0.19
P 0.008 0.007 0.009 0.009 0.009 0.009
S 7 ppm 8 ppm 4 ppm 4 ppm 4 ppm 5 ppm
Cr 18.69 18.78 18.66 18.72 18.76 18.69
Ni 52.45 52.52 52.36 52.44 52.42 52.43
Mo 3.03 3.00 3.03 3.02 3.01 3.02
Cu 0.04 0.04 0.04 0.04 0.04 0.04
Co 0.20 0.20 0.20 0.20 0.20 0.20
Ti 1.04 1.02 1.00 1.01 1.00 1.14
Al 0.57 0.60 0.53 0.62 0.65 0.55
N 0.008 0.008 0.008 0.008 0.009 0.008
0 36 ppm 31 ppm 54 ppm 56 ppm 46 ppm 40 ppm
B 0.0038 0.0035 0.0025 0.0033 0.0033 0.0032
Cb 5.32 5.11 5.36 5.26 5.24 5.33
Ta 0.03 0.03 0.04 0.03 0.03 0.03
Fe 18.11 18.1.9 18.20 18.13 18.11 18.05
Ca <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm
Mg 50 ppm 60 ppm 20 ppm 25 ppm 25 ppm 35 ppm
Ce 10 ppm <10 ppm 200 ppm 100 ppm 90 ppm 390 ppm
La <3 ppm <3 ppm 90 ppm 60 ppm 40 ppm 200 ppm
>~ Heat melted under argOQ cover using 35% CaF2/28% CaO/2.9% MgO/28% AI203/3.3% Ti02 slag.
All values are weight percent unless noted.
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TABLE IV
ALLOY 718 VAR HEAT 4 CHEMICAL COMPOSITION
Ingot
Element X C B A
-
C 0.041 0.040 0.040 0.042
Mn 0.09 0.09 0.09 0.09
Si 0.17 0.16 0.16 0.17
P 0.007 0.007 0.007 0.007
S (ppm) 10 11 11 10
Cr 18.69 18.77 18.77 18.78
Ni 52.46 52.46 52.45 52.45
Mo 3.05 3.04 3.03 3.04
Cu 0.04 0.04 0.04 0.04
Co 0.20 0.20 0.20 0.20
V 0.06 0.06 0.06 0.06
Ti 1.04 1.02 1.02 1.02
Al 0.58 0.57 0.59 0.57
N 0.013 0.010 0.010 0.010
o (ppm) <5 20 22 59
B 0.0038 0.0035 0.0040 0.0035
Cb 5.34 5.24 5.22 5.24
Ca (ppm) <5 <5 <5 <5
Mg (ppm) 11 9 10 15
All values weight percent unless noted.
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TABLE V
ALLOY 718 HEAT 5 CHEMICAL COMPOSITION 7~
ARGON-ESR HEAT REMELTED WITH La203 BEARING SLAG
Electrode Ingot
Element X A X C B A
C 0.042 0.043 0.044 0.043 0.041 0.041
Mn 0.09 0.09 0.09 0.09 0.09 0.09
Si 0.17 0.17 0.24 0.21 0.17 0.17
P 0.008 0.007 0.010 0.009 0.008 0.009
S 12 ppm 12 ppm 6 ppm 6 ppm 6 ppm 6 ppm
Cr 18.76 18.79 18.73 18.74 18.78 18.75
Ni 52.38 52.46 52.40 52.45 52.41 52.43
Mo 3.02 3.00 3.03 3.02 3.02 3.01
Cu 0.04 0.04 0.04 0.04 0.04 0.04
Co 0.20 0.20 0.20 0.20 0.20 0.20
V 0.06 0.06 0.06 0.06 0.06 0.06
Ti 1.02 1.00 1.10 1.07 1.03 1.08
Al 0.58 0.60 0.33 0.42 0.51 0.50
N 0.007 0.009 0.006 0.010 0.009 0.009
0 <5 ppm 12 ppm <5/6 ppm <5/<5 ppm <Sis ppm <SiS ppm
B 0.0037 0.0034 0.0033 0.0033 0.0031 0.0037
Cb 5.24 5.08 5.35 5.24 5.27 5.25
Ta <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Fe 18.21 18.31 18.21 18.21 18.19 18.20
Ca <5 ppm <5 ppm 6 ppm 6 ppm 8 ppm 5 ppm
Mg 55 ppm 55 ppm 33 ppm 33 ppm 27 ppm 16 ppm
La <0.001 <0.001 140 ppm 130 ppm 180 ppm 100 ppm
Ce <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
~~ Heat melted under argon cover using 31% CaF2/ 17 .5% La203132.5% CaO/8% MgO/3.75% Ti02/2% Si02 slag.
All values are weight percent unless noted.
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TABLE VI
ALLOY 718 HEAT 6 CHEMICAL COMPOSITION
ARGON-ESR HEAT REMELTED WITH RE-BALANCED La203 BEARING SLAG~~
Electrode Ingot
Element X A X C B A
-
C 0.042 0.042 0.044 0.042 0.043 0.041
Mn 0.08 0.08 0.09 0.09 0.09 0.09
Si 0.15 0.14 0.17 0.17 0.17 0.17
P 0.008 0.008 0.011 0.010 0.010 0.011
S 11 ppm 11 ppm 7 ppm 5 ppm 5 ppm 7 ppm
Cr 18.86 18.84 18.76 18.77 18.73 18.78
Ni 52.54 52.50 52.38 52.41 52.40 52.35
Mo 2.99 3.01 3.05 3.05 3.05 3.04
Cu 0.04 0.04 0.04 0.04 0.04 0.04
Co 0.20 0.20 0.20 0.20 0.20 0.20
V 0.06 0.06 0.06 0.06 0.06 0.06
Ti 0.98 0.99 0.94 0.95 1.00 1.04
Al 0.62 0.55 0.50 0.54 0.53 0.53
N 0.009 0.008 0.007 0.008 0.007 0.005
0 16 ppm 6 ppm <5 ppm 7 ppm 5 ppm 6 ppm
B 0.0032 0.0032 0.0033 0.0037 0.0037
Cb 4.83 4.96 5.31 5.33 5.34 5.27
Fe 18.43 18.40 18.24 18.15 18.15 18.19
Ca <10 ppm <10 ppm 0.002 0.003 0.003 0.002
Mg 50 ppm 40 ppm 0.012 0.015 0.008 0.006
La 0.02 0.03 0.03 0.02
~~ Heat melted under argon cover using 32% CaF2/16% La203/38% CaO/2.15% MgO/1.7% Ti02/7.6% Al 203 slag.
All values are weight percent unless noted.
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TABLE VII
ALLOY 718 HEAT 2 SLAG COMPOSITIONS
AFTER ESR-l~
Slag
Component 2X 2A
CaF2 34.36 33.39
CaO 26.67 26.95
MgO 2.39 2.39
Si02 0.34 1.13
A1 203 30.23 30.42
Fe 0 0.09 0.11
x
Cr203 0.10 0.04
NiO 0.03 <0.01
MnO <0.01 <0.01
Ti02 4.35 3.79
2nO <0.01 <0.01
Mo03 <0.01 <0.01
BaO <0.01 <0.01
PbO <0.01 <0.01
CoO <0.01 <0.01
CuO <0.01 <0.01
Na 20 0.61 0.58
-l~2X represents slag from bottom half of ingot
2A represents slag from top half of ingot remelted after fuse failure
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TABLE VIII
ALLOY 718 HEAT 3 SLAG COMPOSITIONS
Slag
Component Before ESR After ESR
CaF2 34.67 31.54
CaO 28.62 34.49
MgO 2.89 3.15
Si02 0.62 0.36
A1203 28.27 28.83
Fe 0 0.13 0.09
x
Cr203 <0.01 0.25
NiO 0.03 0.03
Ce02 <0.02 4.57
Ti02 3.35 4.50
La203 <0.01 2.56
Mo03 <0.01 <0.01
K20 <1.5 <1.5
PbO <0.04 <0.04
CoO <0.01 <0.01
CuO <0.01 <0.01
Na 20 <0.72 1.48
All values are weight percent.
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TABLE IX
ALLOY 718 HEAT 5 SLAG COMPOSITIONS
Slag
Component Before ESR After ESR
CaF2 31.07 33.91
!
CaO 32.59 30.39
MgO 7.99 3.38
Si02 1. 95 0.77
A1 203 0.45 7.22
Fe ° 0.16 0.03x
Cr203 <0.01 0.03
NiO 0.01 0.05
MnO <0.01 <0.01
Ti02 3.75 1.87
ZnO <0.01 <0.01
Mo03 0.11 <0.01
BaO <0.01 <0.01
PbO <0.02 <0.02
CoO 0.01 0.01
CuO <0.01 <0.01
Na20 0.07 <0.01
K20 0.04 <0.02
La203 17 .47 17.36
Ce02 0.05 0.06
All values are weight percent.
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TABLE X
ALLOY 718 HEAT 6 SLAG COMPOSITIONS
Slag
Component Before ESR After ESR
CaF2 31.99 32.51
CaO 38.08 33.18
MgO 2.16 0.58
Si02 0.47 0.62
A1 203 7.63 8.37
Fe 0 0.10 0.21
x
Cr 203 <0.01 0.18
NiO 0.03 0.42
MnO <0.01 <0.01
Ti02 1. 67 3.85
ZnO <0.01 <0.01
Mo03 <0.01 0.05
BaO <0.01 <0.01
PbO <0.03 <0.05
CoO <0.01 <0.01
CuO <0.01 <0.01
La203 15.99 15.43
All values are weight percent.
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TABLE XI
MELTING PARAMETERS FOR ALLOY 718 ESR REFINING STUDY
Melting Steady State Steady State Steady State Total Melt Avg. Melt
Heat Procedure Voltaqe_lVI Current (kAl Power (kWI Time (Min) Rate (Lb/HI PreBBu~e
1 ESR-AC 25 3.4 115 76.2 222.4 760 nm
Air Cover
2 ESR-AC 25-30 3.2-3.4 110-115 100.7 210.3 760 nm
Argon Cover
3 ESR-AC 28-30 3.4 105-112 92.0 227.6 760 nm
Argon Cover
OJ 4 25 3.1 105 82.1 257.3 6-10 J.l'm
......
VAR-DC
Vaccum
5 ESR-AC 35-42 3.4 105-130 66.3 295.9 760 nm
Argon Cover
6 ESR-AC 34 3.0 105 74.3 244.0 760 nm
Argon Cover
TABLE XII
ALLOY 718 HEAT 1
QUANTITATIVE IMAGE ANALYSIS OXIDE INCLUSION DATA
Standard Deviation (0) 5.2
Location
A
B
C
X
-
Mean (X)
Oxygen
Level (PPM)
<5
13
<5
13
8.5
Y..V NA 0 A
0.006±0.005 25.39±13.25 1.124 2.269
0.004±0.003 26.8o±12.23 1.320 1.601
0.003±0.002 21 •16±11 .37 1.179 1.195
0.007±0.004 63.47±32.49 1.130 1.067
0.007±0.004 76.16±36.31 0.971 0.939
0.007±0.005 53.59±27.72 1.084 1.294
0.004±0.003 39.49±16.24 0.911 0.928
0.005±0.005 63.47±3o.53 0.837 0.726
0.003±0.002 53.59±16.o9 0.813 0.623
0.004±0.002 56.42±18.o1 0.819 0.695
0.004±0.O03 43.72±16.99 0.907 0.890
0.005±0.003 64.88±16.86 0.848 0.815
0.0049 49.01 0.995 1.090
0.0015 17.70 0.167 0.462
Vv - volume %, ±95% confidence limit
2NA - No. of particleslmm , ±95% confidence limit
o - Average particle dia~eter, Wm
- 2
A - Average particle area, Wm
100 fields rated to generate each data point.
if - "0" slag + 6% Ti02 + 15 gr Al/5 min. Deox Addition
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TABLE XIII
ALLOY 718 HEAT 2
QUANTITATIVE IMAGE ANALYSIS OXIDE INCLUSION DATA
Oxygen
Location Level (PPM) Y.v ~A 0 A
0.003±0.001 35.94±11.42 0.822 0.722
A 8 0.001 ±O. 001 21.16±8.o2 0.681 0.658
O. 002±0. 001 24.68±9.49 1.009 1.006
0.004±0.002 57.12±14.55 0.954 0.779
B 18 0.004±0.001 64.88±14.9o 0.740 0.563
0.005±0.002 76. 16±18. 98 0.832 0.648
0.004±0.002 48.66±12.33 1.009 0.924
C 23 0.005±0.002 57.83±16.88 0.870 0.819
0.004±0.001 56.42±13.72 0.883 0.721
0.005±0.002 57. 83±1 4.16 0.992 0.901
0 22 0.005±0.002 57.12±1 4.55 0.955 0.846
0.006±0.002 72.63±17.3o 0.990 0.879
0.004±0.001 61.35±15.62 0.915 0.687
E 26 0.003±0.001 74.04±16.96 0.632 0.409
o.004±0. 001 66.99±16.5o 0.766 0.605
0.003±0.001 41.61 ±11.o5 0.892 0.797
X 31 O. 003±0. 001 35.26±10.69 0.868 0.810
0.007±0.001 33.14±9.19 0.779 0.576
-
Mean (X) 21.3 0.0037 52.38 0.866 0.742
Standard Deviation (0) 7.8 0.0013 16.84 0.113 0.150
Vv - volume %, ±95% confidence limit
NA- No. of particles/mm
2
, ±95% confidence limit
o - Average particle diameter, Wm
- 2A - Average particle area, ]Jm
83
TA8LE XIV
ALLOY 718 HEAT 3
ARGON/ESR WITH MISCHMETAL DEOX ADDITION (25 gr/5 MIN)
Oxygen
Location Level (PPM)
':LV t'.A D A
D.007±0.004 35.96±11.43 1.401 2.028
A 40 0.003±0.001 40.20±14.05 0.985 0.775
0.008±0.006 26.80±10.44 1.439 2.840
0.014±0.007 44. 43±12. 01 1.457 3.126
8 46 0.011±0.006 26.09±9.62 1.828 4.254
0.023±0.014 38.08±11.38 1.942 6.136
0.008±0.004 31.03±9.83 1.442 2.654
C 56 0.007±0.004 26.09±11.10 1.263 2.868
0.009±0.004 28.21±9.99 1.812 3.202
0.010±0.005 46.54±11.94 1.153 2.116
X 54 0.011±0.004 55.00±12.82 1.248 2.043
0.010±0.004 62.06±14.35 1.209 1.579
-
Mean (X) 49.0 0.010 38.37 1 .431 2.802
Standard Deviation (0) 7.4 0.0049 11.84 0.295 1.374
Vv - volume %, ±95% confidence limit
NA - No. of particles/mm
2
, ±95% confidence limit
D - Average particle diameter, j..l m
- 2A - Average particle area, j..l m
200 fields rated to generate each data point.
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TABLE XV
ALLOY 718 VAR HEAT 4
QUANTITATIVE IMAGE ANALYSIS OXIDE INCLUSION DATA
Oxygen
Location Level (PPM) Y..V ~A 0 A
0.002±0.001 26 .09±9. 41 0.802 0.732
A 59 0.002±0.001 24.68±9.49 0.B9o 0.641
0.001 ±0.001 2o.45±7.69 0.718 0.565
O. o02±0. 001 12.69±7.38 1.109 1.439
B 22 O. ooHo. 001 21.86±9.82 0.849 0.677
0.002±0.001 24.68±8.86 0.747 0.645
0.001 to. 001 14.1O±6.2O 0.923 0.827
C 20 0.002±0.001 26.79±9.48 0.884 0.810
0.001 ±O. 001 19.o4±7.51 0.959 0.782
O. ooHo. 001 16.92±6.94 0.968 0.865
X <5 0.00Ho.001 16.22±6.84 0.880 0.722
0.003±0.003 23. 98±1 0.01 0.978 1.146
-
Mean (X) 26.3 0.0016 20.63 0.892 0.821
Standard Deviation ( 0) 23.3 0.0007 4.81 0.108 0.245
Vv - volume %, ±95% confidence limit
NA - No. of particles/mm
2
, ±95% confidence limit
o - Average particle diameter, )..l m
2A - Average particle area,)..l m
200 fields rated per data point.
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TABLE XVI
ALLOY 71B ARGoN-ESR WITH LANTHANIDE BEARING SLAG - HEAT 5
QUANTITATIVE IMAGE ANALYSIS OXIDE INCLUSION DATA
Oxygen
Location Level (PPM) V ~A D A
-V
0.002±0.001 31 .03±11 .45 0.667 0.546
A <5/5 0.001 ±0.001 19.75±7.85 0.754 0.531
0.002±0.001 21 •86±11 .77 0.870 0.789
0.001±0.001 31 •03±12.11 0.615 0.425
B <5/5 0.002±0.001 42.31 ±12.39 0.669 0.395
0.002±0.001 47.25±12.59 0.659 0.429
0.001±0.001 28.21±10.37 0.579 0.373
C <5/<5 . 0.001±0.001 11.28±5.67 0.948 0.820
0.001 to. 001 20.45±9.48 0.595 0.431
O. 002±0. 001 36.67±11.80 0.771 0.573
X <5/6 O. 002±0. 001 23.98±1o.o1 0.781 0.639
0.002±0.001 24.68±9.88 0.951 0.881
-
Mean (X) <5 0.00158 28.21 0.738 0.569
Standard Deviation (0) 0.4 0.00051 10.17 0.130 0.177
Vv - volume %, ±95% confidence limit
NA - No. of particles/mm
2
, ±95% confidence limit
D - Average particle diameter, ]J m
A - Average particle area, )J m2
200 fields rated to generate each data point.
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TABLE XVII
ALLOY 718 ARGoN-ESR 'WITH REBALANCED LANTHANIDE BEARING SLAG - HEAT 6
qUANTITATIVE IMAGE ANALYSIS OXIDE INCLUSION DATA
Oxygen
Location Level (PPM) }LV riA 0 A
0.00710.002 6o.45±13.36 1.081 1.081
A 6 PPM O. o04±0. 001 87.44±16.58 0.738 0.508
O. o04±0. 001 91.67±16.94 o 611 0.420
0.006±0.002 86.74±16.36 0.801 0.638
B 5 PPM 0.005±0.001 137.51 ±21.42 0.539 0.335
O. o04±0. 001 107.89±2O.27 0.644 0.367
o•o03±o. 001 6o.65±14.73 0.675 0.561
C 7 PPM O. o02±0. 001 72.63±15.43 0.509 0.247
o. o04±0. 001 109.30±22.89 0.603 0.363
X <5 PPM 0.005±0.002 6o.65±14.86 0.959 0.892
-
Mean (X) 5.5 0.0044 87.49 0.716 0.541
Standard Deviation (0) 1.3 0.0014 25.40 0.184 0.265
Vv - volume %, ±95% confidence limit
NA - No. of particles/mm
2
, ±95% confidence limit
o - Average particle diameter, jJ m
2A - Average particle area, jJm
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TABLE XVIII
ALLOY 718 ON-HEATING GLEEBLE DATA - HEAT #4 (VIM-VAR)
Test
Temperature of U.T.S. (ksil R.A. (%l
1700 47.2 45.2
1800 47.5 32.8
1850 39.1 46.4
1875 32.8 35.7
1900 35.6 40.8
2000 13.1 16.0
2050 24.0 0
2100 20.2 0
2100 16.6 0
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TABLE XIX
ALLOY 718 ON-HEATING AND ON-COOLING GLEEBLE DATA - HEAT #1
Test Preheat Test
~ Temperature ( OF) Temperature of UTS (ksi) RA(%)
OH 2050 2050 24.3 70.6
OH 2050 2050 26.7 26.3
OH 2050 2050 21.3 14.4
OC 2050 1600 44.1 65.8
OC 2050 1600 41.5 59.8
.,
OC 2050 1700 . 44.4 82.8
OC 2050 1700 43.7 80.9
OC 2050 1800 39.7 73.1
OC 2050 1800 42.9 80.4
OC 2050 1900 36.8 83.7
OC 2050 1900 33.0 81.9
OC 2050 2000 27.2 75.8
OC 2050 2000 24.3 80.1
OH 2000 2000 24.7 82.1
OH 2000 2000 25.5 81.5
OC 2000 1600 37.5 58.2
OC 2000 1700 40.1 70.5
OC 2000 1800 40.7 75.8
OC 2000 1900 41.1 58.0
OH = On Heating
OC = On Cooling
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TABLE XX
ALLOY 718 ON-HEATING AND ON-COOLING GLEEBLE DATA - HEAT #3
Test Preheat Test
~ Temperature (OF) Temperature OF UTS (ksi) RA(%)
OH 2050 2050 25.6 74.3
OH 2050 2050 25.2 72.4
OC 2050 1600 26.0 20.0
OC 2050 1600 41.7 60.0
OC 2050 1600 24.6 12.4
OC 2050 1700 41.9 71.9
OC 2050 1700 40.7 58.9
OC 2050 1700 37.3 38.3
OC 2050 1800 40.0 87.9
OC 2050 1800 40.5 90.1
OC 2050 1900 35.4 81.3
OC 2050 1900 33.4 82.8
OC 2050 2000 28.6 77.2
OC 2050 2000 28.6 80.2
OH 2000 2000 18.1 0
OH 2000 2000 77.4 0
OH 2000 2000 25.5 77.5
OC 2000 1700 43.7 80.5
OC 2000 1800 39.4 78.3
OC 2000 1900 35.6 87.1
OH = On Heating
OC = On Cooling
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TABLE XXI
ALLOY 718 ON-COOLING GLEEBLE DATA* - HEAT #4
Test Preheat Test
~ Temperature ( OF) Temperature of UTS (ksi) RA(%)
OC 2050 1600 48.6 32.3
OC 2050 1600 46.1 46.1
OC 2050 1700 50.5 40.4
OC 2050 1700 45.9 55.1
OC 2050 1800 44.9 43.2
OC 2050 1800 44.9 41.3
OC 2050 1900 35.6 37.8
OC 2050 1900 31.9 42.0
OC 2050 2000 28.7 10.9
OC 2050 2000 29.3 0
OC 2050 2000 27.6 47.8
OC 2000 1600 43.7 57.9
OC 2000 1600 44.1 34.7
OC 2000 1700 39.7 56.2
OC 2000 1700 38.7 35.0
OC 2000 1800 37.5 60.0
OC 2000 1800 48.8 31.3
OC 2000 1900 41.7 29.3
OC 2000 1900 33.3 50.0
OC = On cooling
* On heating data for Heat 4 contained in Table XVIII
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TABLE XXII
ALLOY 718 ON-HEATING AND ON-COOLING GLEEBLE DATA - HEAT #5
Test Preheat Test
~ Temperature (OF) Temperature of UTS (ksi) RA(%)
OH 2050 2050 20.9 13.2
OH 2050 2050 24.5 51.3
OH 2050 2050 25.3 46.0
OC 2050 1600 36.0 51.3
OC 2050 1600 38.4 52.2
OC 2050 1700 40.2 37.9
OC 2050 1700 37.7 48.6
OC 2050 1700 36.5 53.0
OC 2050 1800 37.4 39.5
OC 2050 1800 36.7 67.0
OC 2050 1800 41.7 53.8
OC 2050 1900 32.4 63.2
OC 2050 1900 28.6 66.4
OC 2050 2000 28.0 46.7
OC 2050 2000 30.9 30.1
OC 2050 2000 27.0 52.5
OH 2000 2000 26.4 39.2
OH 2000 2000 29.7 47.4
OC 2000 1700 41.1 56.5
OC 2000 1800 37.1 68.2
OC 2000 1900 36.7 42.6
OH = On Heating
OC = On Cooling
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TABLE XXIII
ALLOY 718 ON-HEATING AND ON-COOLING GLEEBLE DATA - HEAT #6
Test Preheat Test
~ Temperature ( OF) Temperature OF UTS (ksi) RA(%)
OH 2050 2050 26.6 70.6
OH 2050 2050 26.3 68.8
OC 2050 1600 43.2 55.2
OC 2050 1600 44.5 54.0
OC 2050 1700 36.5 59.1
OC 2050 1700 40.4 60.1
OC 2050 1800 37.5 71.4
OC 2050 1800 38.4 72.3
OC 2050 1900 33.0 75.8
OC 2050 1900 32.6 76.6
OC 2050 2000 26.6 62.5
OC 2050 2000 27.4 60.5
OH 2000 2000 27.4 56.0
OH 2000 2000 29.0 60.6
OC 2000 1600 44.4 59.5
OC 2000 1700 42.2 62.3
OC 2000 1800 39.7 71.0
OC 2000 1900 27.9 70.9
OH = On Heating
OC = On cooling
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TABLE XXIV
OPTICAL BASICITY* VALUES OF ESR SLAGS
UTILIZED IN ALLOY 718 ESR STUDY
A (Including CaF:J- A (Excluding (CaF:J-
0.598 0.687
0.613 0.707
0.617 0.695
0.683 0.835
0.685 0.830
2A
Heat #
5
3
6
* optical Basicity (A)
= aNAA(APa) + bNrAm.x~ + cNcA(CFc ) + dNDA(CFol
aNa + bNB + cNc + dNn
where
a,b,c,d = number of oxygen or fluoride atoms in the compound
formula,
A = optical basicity value of the pure oxide or
fluoride,
NA,B,C,n = mol or weight fraction of the compound
within the slag. Weight percent oxide and
fluoride values were used for calculation purposes
in this study.
t - Estimated slag composition
A mol fraction would be 0.5; mol percent would be 50%.
The term "mol or weig.ht percent fraction" doesn' t make
sense.
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TOP
-=.t......--- "A" Disc
-=I~-- "B" Disc
"e" Disc
BOTTOM
"X" Disc
FIGURE 1 - Ingot Disc Locations for ESR Refining study
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0\
GLEEBLE TEST SPECIMEN
.252
.250:t.010"R lYP
.500" DIA
1/2"-13 N.C. THO
111 l- - - ---- - -
1- 1.000:!:.003" ·1
.500" .12S0" 1.S00:!:.00S" .12S0" .SOO"
MIN TYP TYP MIN
S.OOO" lYP
NOTE 1 A 320 GRIT POLISH WILL BE PROVIDED ON THE GAGE SECTION UNLESS SPECIFIED
OTHERWISE.
FIGURE 2 - Gleeble Test Specimen (0.252") Used to Evaluate Hot Ductility of
Various Heats Comprising ESR Refining Study
HAG: 400X Etchant: None
FIGURE 3 - Microstructure of Heat 1 - B
Location. Note Carbides and Nitrides in
Microstructure. Oxides are shown as seeds
within carbides and nitrides.
HAG: 400X Etchant: None
FIGURE 4 - Microstructure of Heat 2 - D
Location. Note all oxides are contained
within nitrides and carbides.
97
MAG: 400X Etchant: None
FIGURE 5 - Microstructure of Heat 3 - X
Location. Note rare earth oxides in
Microstructure. Oxides are not contained
within carbides and nitrides.
MAG: 400X Etchant: None
FIGURE 6 - Microstructure of Heat 4 - B
Location. Very few oxides observed in
microstructure,.
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MAG: 400X Etchant: None·
FIGURE 7 - Microstructure of Heat 5 - C
Location. Virtually no oxides observed
in microstructure.
MAG: 400X Etchant: None
FIGURE 8 - Microstructure of Heat 6 - B
Location. A few small oxides observed
within carbides/nitrides and general
microstructure.
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ALLOY 718 ON-HEATING GLEEBLE DUCTILITY
FROM 8" RD INGOTS (CAST + HOMOG)
%
R
E 80 ~D 70 ~HOMOG • 2175F/48H/AC /U STRAIN RATE • 1/SECC 60
T 50I
:>0 40~N 30
0 20
t-' F 100
0 A 0
R 1600 1700 1800 1900 2000 2100
E
A TEST TEMPERATURE (DEGREES F)
2200
VIM-VAR #4
---e- VIM-ESR #5
HEAT NUMBER
-+- VIM-ESR #1
~ VIM-ESR #6
-4- VIM-ESR #3
FIGURE 9 - Alloy 718 on-Heatinq Gleeble Data for BSR Refininq study
ALLOY 718 ON-COOLING GLEEBLE DUCTILITY
DATA FOR VIM-ESR HEAT #1
%
R 100
E HOMOG • 2175F/48H/ AC
D STRAIN RATE • 1/SEC
U 80 ~ =c: ---cT
I 60
a
N 40
f-l a
0 F 20f-l
A
R 0
E 1500 1600 1700 1800 1900 2000 2100
A
TEST TEMPERATURE (DEGREES F)
ON-HEATING TEMP
~ 2050 F --t- 2000 F
FIGURE 10 - Alloy 718 on-coolinq Gleeble Data fro. Heat 1 of BSR RefiDinq study
ALLOY 718 ON-COOLING GLEEBLE DUCTILITY
DATA FOR VIM-ESR HEAT #3
20
21001600 1700 1800 1900 2000
TEST TEMPERATURE (DEGREES F)
0) ) I I I J I
1500
40
100, I
HOMOG • 2175F/48H/AC
STRAIN RATE • 1/SEC . ~
80r I += --
60c ;7
////~/
.//~/
%
R
E
D
U
C
T
I
a
N
.....
a
0
l\J
F
A
R
E
A
ON-HEATING TEMP
~ 2050 F --+- 2000 F
FIGURE 11 - Alloy 718 on-cooling Gleeble Data fro. Beat 3 of BSR Refining study
ALLOY 718 ON-COOLING GLEEBLE DUCTILITY
DATA FOR VIM-VAR HEAT #4
%
R 100
E I HOMOG • 2175F/48H/AC
D 80 STRAIN RATE • 1/SEC
U
C
T 60 f-- +I
0
N 40
I-'
0 0w
F 20
A
R OC~-
E 1500 1600 1700 1800 1900 2000 2100A
TEST TEMPERATURE (DEGREES F)
ON HEATING TEMP
~ 2050 F -+- 2000 F
FIGURB 12. - Alloy 718 On-coolinq Gleehle Data fro. Heat 4 of BSR Refininq study
ALLOY 718 ON-COOLING GLEEBLE DUCTILITY
DATA FOR VIM-ESR HEAT #5
2100
+
I-~---
1600 1700 1800 1900 2000
TEST TEMPERATURE (DEGREES F)
o I t I I I I
1500
40 f--
20 f--
60
HOMOG • 2175F/48H/AC
80 f- STRAIN RATE • 1/SEC
100 Ir-----------------------i
%
R
E
D
U
C
T
I
a
N
f-l a
C) F.I>-
A
R
E
A
ON-HEATING TEMP
~ 2050 F -+- 2000 F
FIGURE 13 - Alloy 718 On-Cooling Gleeble Data for Heat 5 of ESR Refining study
ALLOY 718 ON-COOLING GLEEBLE DUCTILITY
DATA FOR VIM-ESR HEAT #6
%
21001600 1700 1800 1900 2000
TEST TEMPERATURE (DEGREES F)
HOMOG • 2175F/48H/AC
STRAIN RATE • 1/SEC
o I I I I I I I
1500
20
60
80
40
100'~=~~~------------------'lR
E
D
U
C
T
I
o
N
o
F
A
R
E
A
....
o
01
ON.,.HEATING TEMp
~ 2050 F -+- 2000 F
FIGURB 14 - Alloy 718 On-Coolinq Gleeble Data for Heat 6 of BSR Refininq study
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FIGURE 16 - composite of All Alloy 718 On-Coolinq Gle.ble Data fro. Pre-Beat
Temperature of 2000F for ESR Refininq study
FIGURE 17 - Beat #4 On-Cooling Gleeble specimen
(20S0~2000F) Fracture Face showing 0% Reduction
of Area. Note Appearance of primary and
Secondary Dendrites on Fracture Face and Smooth
Fracture Surface Characteristic of cleavage
Fracture Mechanism.
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FIGURE 17 - Heat #4 on-Cooling Gleeble specimen
(2050~2000F) Fracture Face Showing 0% Reduction
of Area. Note Appearance of primary and
secondary Dendrites on Fracture Face and Smooth
Fracture Surface Characteristic of cleavage
Fracture Mechanism.
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FIGURE l8A - Heat #5 on-cooling Gleeble specimen
(2050~1700F) Fracture Face Showing 37.9% R.A.
Note 45 Degree Shear Plane and Regions showing
Small Amount of Dimpling.
FIGURE l8B Higher Maqnification SEX Photomicrograph
of Figure l8A Showing Small Amount of Dimpling on
Fracture Surface
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FIGURE l8A - Heat #5 On-cooling Gleeble specimen
(2050~1700F) Fracture Face showing 37.9% R.A.
Note 45 Degree Shear Plane and Regions showing
Small Amount of Dimpling.
FIGURE l8B - Higher Magnification SEM Photomicrograph
of Figure l8A Showing Small Amount of Dimpling on
Fracture Surface
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FIGURE 19A - Heat 15 on-Cooling Gleeble Specimen
(2050~1700F) Fracture Face Showing 53% R.A.
Note Most of Surface Exhibits Elongated Dimples.
FIGURE 19B - Higher Magnification SEM Photomicrograph
of Figure 19A showing Elonqated Dimples on Fracture
Face.
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FIGURE 19A - Heat #5 On-coolinq Gleeble specimen
(2050~1700F) Fracture Face showinq 53% R.A.
Note Most of Surface Exhibits Elonqated Dimples.
FIGURE 19B - Hiqher Maqnification SRK Photomicroqraph
of Figure 19A showinq Elonqated Dimples on Fracture
Face.
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FIGURE 20A - Heat #3 on-coolinq Gleeble specimen
(2050~1800F) Fracture Face Showinq 87.9% R.A.
Note High Level of Dimpling Characteristic of
High Ductility Microvoid Coalescence Fracture
Mechanism.
FIGURE 20B Hiqher Maqnification SRK Photomicroqraph
of Figure 20A showing Extensive Dimples and Microvoids
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FIGURE 20A - Heat #3 on-Cooling Gleeble Specimen
(2050~1800F) Fracture Face showing 87.9% R.A.
Note High Level of Dimpling Characteristic of
High Ductility Hicrovoid Coalescence Fracture
Mechanism.
FIGURE 20B Higher Magnification SEX Photomicrograph
of Figure 20A showing Extensive Dimples and Hicrovoids
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slag type:
o CaO-AlzO,-CaFz
BO 0 CaFl -CaO-Si01----=-r-=--t
a
FIGURE 21 - Influence of Slag FeO Content
on Oxygen Level in Metal Pool(9) •
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FIGURE 22 - Relationship Between Reference Oxygen
Diffusing Rate, P, Through Molten CaO-SiOz - Alz~
system Bearing One Oxide and Its Contents at 2640Fan •
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RELATIONSHIP OF SLAG FexO % TO TOP
LOCATION INGOT OXYGEN LEVEL
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FIGURE 23 - Graph of Measured Slag FeO% to Ingot Oxygen
Level at Top Location of VIM-ESR Ingots for ESR Refining
Study.
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FIGURE 24 - Oxygen Levels for
Various ESR Alloys Graphed as
a Function of Slag Basicity~.
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FIGURE 25 - FeO Activity Coefficient as a Function
of CaO Level in CaFz/cao/Feo System
at 2640F(26).
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FIGURE 26 - Influence of Oxygen
Content Above Slag Pool on
Oxygl:m in ESR Ingot(9).
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,RELATIONSHIP OF OXYGEN LEVEL TO AVG
PERCENT OXIDE IN ESR REFINING STUDY
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FIGURE 27 - Graph of Measured Oxygen Level to Average
Volume Percent Oxide for all Ingot Locations in Alloy
718 ESR Refining study.
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RELATIONSHIP OF AVG PERCENT OXIDE TO
AVG OXIDE AREA IN ESR REFINING STUDY
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FIGURE 28 - Graph of Averaqe volume Percent oxide vs.
Averaqe oxide Area for all Inqot Locations in Alloy
718 ESR Refininq study.
118
"..
.
..
/'~' .
....~
..
MAG: lOOX ETCHANT: None
FIGURE 29A - Heat 3 Forged Bar
Microstructure Showing Crack Root.
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FIGURE 29B - Same Crack Location as
Shown in Figure 29A. Note that Crack
Root is Following Grain Boundary
Suggesting Grain Boundary Weakness or
Embrittlement.
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